Multicellular systems develop from single cells through a lineage, but current lineage tracing 20 approaches scale poorly to whole organisms. Here we use genome editing to progressively 21 introduce and accumulate diverse mutations in a DNA barcode over multiple rounds of cell 22 division. The barcode, an array of CRISPR/Cas9 target sites, records lineage relationships in the 23 patterns of mutations shared between cells. In cell culture and zebrafish, we show that rates and 24 patterns of editing are tunable, and that thousands of lineage-informative barcode alleles can be 25 generated. We find that most cells in adult zebrafish organs derive from relatively few 26 embryonic progenitors. Genome editing of synthetic target arrays for lineage tracing 27 (GESTALT) will help generate large-scale maps of cell lineage in multicellular systems. 28 29 perfectly matching target in the GUIDE-seq assay. To reduce repetitive subsequences within
The tracing of cell lineages was pioneered in nematodes by Charles Whitman in the 1870s, at a 32 time of controversy surrounding Ernst Haeckel's theory of recapitulation (1). This line of work 33 culminated a century later in the complete description of mitotic divisions in the roundworm C. 34 elegans -a tour de force facilitated by its visual transparency as well as the modest size and 35 invariant nature of its cell lineage (2). 36 37 Over the past century, a variety of creative methods have been developed for tracing cell lineage 38 in developmentally complex organisms (3). In general, subsets of cells are marked and their 39 descendants followed as development progresses. The ways in which cell marking has been 40 achieved include dyes and enzymes (4-6), cross-species transplantation (7), recombinase-41 mediated activation of reporter gene expression (8, 9) , insertion of foreign DNA (10-12), and 42 naturally occurring somatic mutations (13-15). However, despite many powerful applications, 43 these methods have limitations for the large-scale reconstruction of cell lineages in multicellular 44 systems. For example, dye and reporter gene-based cell marking are uninformative with respect 45 to the lineage relationships between descendent cells. Furthermore, when two or more cells are 46 independently but equivalently marked, the resulting multitude of clades cannot be readily 47 distinguished from one another. Although these limitations can be overcome in part with 48 combinatorial labeling systems (16, 17) or through the introduction of diverse DNA barcodes 49 (10-12), these strategies fall short of a system for inferring lineage relationships throughout an 50 organism and across developmental time. In contrast, methods based on somatic mutations have 51 this potential, as they can identify lineages and sub-lineages within single organisms (13, 18) . 52 However, somatic mutations are distributed throughout the genome, necessitating whole 53 genome sequencing, (14, 15) , which is expensive to scale beyond small numbers of cells and 54 not readily compatible with in situ readouts (19, 20) . 55 56 What are the requirements for a system for comprehensively tracing cell lineages in a complex 57 multicellular system? First, it must uniquely and incrementally mark cells and their descendants 58 3 over many divisions and in a way that does not interfere with normal development. Second, these 59 unique marks must accumulate irreversibly over time, allowing the reconstruction of lineage 60 trees. Finally, the full set of marks must be easily read out in each of many single cells. 61 62 We hypothesized that genome editing, which introduces diverse, irreversible edits in a highly 63 programmable fashion (21), could be repurposed for cell lineage tracing in a way that realizes 64 these requirements. To this end, we developed genome editing of synthetic target arrays for 65 lineage tracing (GESTALT), a method that uses CRISPR/Cas9 genome editing to accumulate 66 combinatorial sequence diversity to a compact, multi-target, densely informative barcode. 67 Importantly, edited barcodes can be efficiently queried by a single sequencing read from each of 68 many single cells (Fig. 1A) . In both cell culture and in the zebrafish Danio rerio, we 69 demonstrate the generation of thousands of uniquely edited barcodes that can be related to one 70 another to reconstruct cell lineage relationships. In adult zebrafish, we observe that the majority 71 of cells of each organ are derived from a small number of progenitor cells. Furthermore, 72 ancestral progenitors, inferred on the basis of shared edits amongst subsets of derived alleles, 73 make highly non-uniform contributions to germ layers and organ systems. To test whether genome editing can be used to generate a combinatorial diversity of mutations 80 within a compact region, we synthesized a contiguous array of ten CRISPR/Cas9 targets 81 (protospacers plus PAM sequences) separated by 3 base-pair (bp) linkers (total length of 257 82 bp). The first target perfectly matched one single guide RNA (sgRNA), while the remainder 83 were off-target sites for the same sgRNA, ordered from highest to lowest activity (22). This 84 array of targets ('v1 barcode') was cloned downstream of an EGFP reporter in a lentiviral 85 construct (23). We then transduced HEK293T cells with lentivirus and used FACS to purify an 86 EGFP-v1 positive population. To edit the barcode, we co-transfected these cells with a plasmid 87 expressing Cas9 and the sgRNA and a vector expressing DsRed. Cells were sorted three days To minimize confounding sequencing errors, which are primarily substitutions, we analyzed 93 edited barcodes for only insertion-deletion changes relative to the 'wild-type' v1 barcode. In 94 this first experiment, we observed 1,650 uniquely edited barcodes (each observed in ≥ 25 reads) 95 with diverse edits concentrated at the expected Cas9 cleavage sites, predominantly inter-target 96 deletions involving sites 1, 3 and 5, or focal edits of sites 1 and 3 (Fig. 1, B and C, and table 97 4 S1). These results show that combinatorial editing of the barcode can give rise to a large 98 number of unique sequences, i.e. "alleles".
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To evaluate reproducibility, we transfected the same editing reagents to cultures expanded from 101 three independent EGFP-v1 positive clones. Targeted RT-PCR and sequencing of EGFP-v1 102 RNA showed similar distributions of edits to the v1 barcode in the transcript pool, between 103 replicates as well as in comparison to the previous experiment ( fig. S1 ). These results show that 104 the observed editing patterns are largely independent of the site of integration and that edited 105 barcodes can be queried from either RNA or DNA. We also synthesized and tested three barcodes (v2-v4) with nine or ten weaker off-target sites 117 for the same sgRNA as used for v1 (22) . Genome editing resulted in derivative barcodes with 118 substantially fewer edits than seen with the v1 barcode, but a much greater proportion of these 119 edits were to a single target site, i.e. fewer inter-target deletions were observed ( Seven of twelve clonal populations we isolated contained mutations in the v1 barcode that were 155 unambiguously introduced during the first round of editing ( Fig. 2A ). Additional edits 156 accumulated in re-edited cells but generally did not disrupt the early edits ( Fig. 2B and fig. S5 ). 157 We next sought to reconstruct the lineage relationships between all alleles observed in the were mixed because they shared identical mutations from the first round of editing. These most 163 likely represent the recurrence of the same editing event across multiple lineages, but could also 164 have been daughter cells subsequent to a single, early editing event prior to isolating clones. 165 Consequently, 99.9% of cells of these two lineages were assigned to a single clade ( To test the potential of GESTALT for in vivo lineage tracing in a complex multicellular 174 organism, we turned to the zebrafish Danio rerio. We designed two new barcodes, v6 and v7, 175 each with ten sgRNA target sites that are absent from the zebrafish genome and predicted to be 176 highly editable (methods). In contrast to v1-v5, in which the target sites are variably editable by 177 6 one sgRNA, the targets within v6 or v7 are designed to be edited by distinct sgRNAs. We 178 generated transgenic zebrafish that harbor each barcode in the 3' UTR of DsRed driven by the 179 ubiquitin promoter (27, 28) and a GFP marker that is expressed in the cardiomyocytes of the were more likely to be unique to an embryo than those with few edits ( fig. S8C ). To assess 220 when editing begins, we analyzed the proportions of the most common editing events across all 221 barcodes sequenced in a given embryo, reasoning that the earliest edits would be the most 222 frequent. Across eight v6 and 45 v7 embryos, we never observed an edit that was present in 223 100% of cells. This observation indicates that no permanent edits were introduced at the one-224 cell stage. In nearly all embryos, we observe that the most common edit is present in >10% of 225 cells, and in some cases in ~50% of cells ( Fig. 3D and fig. S9 ). This observation also holds in 226 ~4,000-cell dome stage embryos, which result from approximately 12 rounds of largely 227 synchronous division unaccompanied by cell death. Most of these edits are rare or absent in 228 other embryos, suggesting they are unlikely to have arisen recurrently within each lineage. 229 These results suggest that the edits present in ~50% of cells were introduced at the two-cell 230 stage and that the edits present in >10% of cells were introduced before the 16-cell stage. To analyze the contribution of diverse alleles to different organs, we compared the frequency of 264 edited barcodes within and between organs. We first examined blood (of note, zebrafish 265 erythrocytes are nucleated (30)). Only 5 alleles defined over 98% of cells in the ADR1 blood 266 sample ( Fig. 5B ), suggesting highly clonal origins of the adult zebrafish blood system from a 267 few embryonic progenitors. Consistent with the presence of blood in all dissected organs, these 268 common blood alleles were also observed in all organs (10-40%; Fig. 5C ) but largely absent 269 from cardiomyocytes isolated by flow sorting (0.5%). Furthermore, the relative proportions of 270 these five alleles remained constant in all dissected organs, suggesting that they primarily mark 271 the blood and do not substantially contribute to non-blood lineages (Fig. 5D ). In performing 272 similar analyses of clonality across all organs (while excluding the five most common blood 273 alleles), we observed that a small subset of alleles dominates each organ (Fig. 5E ). Indeed, for 274 all dissected organs, fewer than 7 alleles comprised >50% of cells (median 4, range 2-6), and, 275 with the exception of the brain, fewer than 25 alleles comprised >90% of cells (median 19, 276 range 4-38). Most of these dominant alleles were organ-specific, i.e. although they were found 277 rarely in other organs, they tended to be dominant in only one organ (Fig. 5F ). For example, the To reconstruct the lineage relationships between cells both within and across organs on the basis 288 of shared edits, we again relied on maximum parsimony methods ( fig. S4B ). The resulting trees 289 for ADR1 and ADR2 are shown in Fig. 6 and fig. S14 , respectively. We observed clades of 290 alleles that shared specific edits. For example, ADR1 had 8 major clades, each defined by 291 'ancestral' edits that are shared by all captured cells assigned to that clade ( Fig. 7A ; also 292 indicated by colors in the tree shown in Fig. 6 ). Collectively, these clades comprised 49% of 293 alleles and 90% of the 197,461 cells sampled from ADR1 (Fig. 7A ). Blood was contributed to 294 by 3 major clades (#3, #6, #7) ( Fig. 7B) . After re-allocating the 5 dominant blood alleles from 295 the composition of individual organs back to blood ( Fig. 5B and fig. S15 ), we observed that all 296 major clades made highly non-uniform contributions across organs. For example, clade #3 297 9 contributed almost exclusively to mesodermal and endodermal organs, while clade #5 298 contributed almost exclusively to ectodermal organs. These results reveal that GESTALT can 299 be used to infer the contributions of inferred ancestral progenitors to adult organs. 300 
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Although some ancestral clades appear to contribute to all germ layers, we find that subclades, 302 defined by additional shared edits within a clade, exhibit greater specificity. For example, while 303 clade #1 contributes substantially to all organs except blood, additional edits divide clade #1 304 into three subclades with greater tissue restriction ( Fig. 7C and D) . The #1+A subclade 305 primarily contributes to mesendodermal organs (heart, both gastrointestinal organs) while the 306 #1+C subclade primarily contributes to neuroectodermal organs (brain, left eye, and gills). 307 Similar patterns are observed for clade #2 (Fig. 7E and F) , where the #2+A subclade contributes 308 primarily to mesendodermal organs, the #2+B subclade to the heart, and the #2+C clade to 309 neuroectodermal organs. Additional edits divide these subclades into further tissue-specific sub- We describe a new method, GESTALT, which uses combinatorial and cumulative genome 320 editing to record cell lineage information in a highly multiplexed fashion. We successfully 321 applied this method to both artificial lineages (cell culture) as well as to whole organisms 322 (zebrafish).
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The strengths of GESTALT include: 1) the combinatorial diversity of mutations that can be 325 generated within a dense array of CRISPR/Cas9 target sites; 2) the potential for informative 326 mutations to accumulate across many cell divisions and throughout an organism's developmental Second, we show that GESTALT can inform the lineage relationships amongst thousands of 376 differentiated cells. For example, following the accumulation of edits from ancestral to more 377 11 complex reveals the progressive restriction of progenitors to germ layers and then organs. Cells 378 within an organ can both share and differ in their alleles, revealing additional information about 379 organ development. Future studies will need to determine whether such lineages reflect distinct 380 cell fates (e.g., blood sub-lineages or neuronal subpopulations), because the anatomical 381 resolution at which we queried alleles was restricted to grossly dissected organs and tissues. 382 Because edited barcodes are expressed as RNA, we envision that combining our system with 383 other platforms will permit much greater levels of anatomical resolution without sacrificing 384 throughput. For example, in situ RNA sequencing of barcodes would provide explicit spatial and 385 histological context to lineage reconstructions (19, 20) . Also, capturing richly informative 386 lineage markers in single cell RNA-seq or ATAC-seq datasets may inform the interpretation of 387 those molecular phenotypes, while also adding cell type resolution to studies of lineage (43, 44) . vivo genome editing to record lineage information to a compact barcode at an organism-wide 400 scale will be a powerful tool for developmental biology. This approach is not limited to normal 401 development but can also be applied to animal models of developmental disorders, as well as to 402 investigate the origins and progression of cancer. Our study also supports the notion that whereas 403 its most widespread application has been to modify endogenous biological circuits, genome 404 editing can also be used to stably record biological information (47), analogous to recombinase-405 based memories but with considerably greater flexibility and scalability. For example, coupling 406 editing activity to external stimuli or physiological changes could record the history of exposure 407 to intrinsic or extrinsic signals. In the long term, we envision that rich, systematically generated starting with the target perfectly matching the sgRNA spacer sequence. The v2-v4 barcodes 593 comprised of nine to ten non-overlapping target sets, all with activities less than half the 594
